ABSTRACT This paper describes an investigation conducted to evaluate whether the projection mapping causes stereoscopic capture, by which human observers perceive a physical surface as deformed according to a projected virtual surface. We developed a stereoscopic projection mapping method to overlay a 3-D virtual surface onto a physical surface. Through a psychophysical experiment, we found that the stereoscopic projection mapping caused stereoscopic capture with several surface materials. To allow observers to perceive stereoscopic capture on unsuitable surface materials, we propose to add salient features on projected images to draw observer focus to them rather than physical textures. The results of another psychophysical experiment demonstrate that the proposed method works effectively.
I. INTRODUCTION
Projection mapping or spatial augmented reality (SAR) alters the appearances of real-world surfaces by superimposing projected imagery. Following the pioneering work by Raskar et al. [1] , researchers have developed a variety of fundamental technologies to geometrically register projectors to arbitrarily shaped surfaces and photometrically correct projected colors on textured surfaces [2] - [4] . Based on such technologies, projection mapping has been integrated in many fields, such as education [5] , art creation [6] , daily life support (e.g., searching everyday objects [7] ), makeup [8] , virtual restoration of historical objects [9] , and entertainment (e.g., games [10] and theme parks [11] ). Users typically observe augmented graphics directly on physical 3D surfaces in projection mapping-based systems; thus, more realistic and natural environments can be achieved compared to other AR-based and virtual reality (VR)-based systems.
Another promising application is industrial design, where designers can explore the appearances of products, such as automobiles, using projected imagery [12] - [14] . Most previous studies have assumed the shape of a product is pre-determined and its appearance is manipulated by projection mapping onto a uniformly white 3D surface of that shape. However, the opposite scenario, wherein the shape of a product is explored after its appearance or material is determined, should also be available. Projection mapping can realize this scenario if the projected imagery can deform a physical surface. It is possible to project a virtual surface onto a physical surface such that the shapes of the two surfaces differ. This is achieved by the so-called ''stereoscopic projection mapping'' technique, which provides binocular parallax by time-sequentially switching projection images for the left and right eyes using active shutter glasses [2] , [15] . However, this process does not deform the physical surface physically.
A previous study found that the depth observed from subjective contours with a disparity in a stereogram is automatically attributed to a texture enclosed by these contours even when the texture conveys no disparity information [16] . This illusion is referred to as ''stereoscopic capture.'' Stereoscopic projection mapping can provide richer binocular disparities than subjective contours. Therefore, it is possible that the depth or shape of a virtual surface in stereoscopic projection mapping is also attributed to a projected physical surface; consequently, the physical surface is perceptually deformed. However, to the best of our knowledge, stereoscopic capture has not been investigated to date in projection mapping research.
In this study, we propose a method to perceptually deform a physical surface by stereoscopic projection mapping ( Figure 1) . In this paper, we discuss a psychophysical experiment conducted to investigate the conditions under which stereoscopic capture tends to occur by varying surface materials, viewing distances, and the virtual surface shapes of stereoscopic projection mapping. Based on the results, we developed a new technique to extend the applicability of the proposed method. Specifically, we provide an additional depth cue to the virtual surface to include stereoscopic capture when stereoscopic capture does not occur via normal stereoscopic projection mapping. We conducted another psychophysical experiment to validate the effectiveness of the proposed technique. In addition, we discuss guidelines for stereoscopic projection mapping relative to perceptually deforming a physical surface.
The primary contributions of this paper are summarized as follows.
• Through psychophysical experiments, we confirm that stereoscopic capture occurs in projection mapping.
• We propose a projection mapping technique to increase the probability of stereoscopic capture occurrence.
• We demonstrate stereoscopic projection mapping guidelines relative to perceptually deforming a physical surface assuming industrial design scenarios where the shape of a product is explored after its material is selected.
II. RELATED WORK
Industrial design applications have been researched and developed more intensively in video and optical see-through AR (VST-AR and OST-AR) than projection mapping. Previous studies of VST-AR and OST-AR have investigated design support environments, where users can change the material (e.g., texture and color) of a product displayed on head-mounted displays (HMD), for more than 25 years [17] - [20] . HMD-based systems have also allowed users to explore the shape of a product [18] , [21] . A recent trend in design support research using VST-AR and OST-AR is 3D modeling for personal fabrication, such as 3D printing [22] - [24] . As a result of such studies, VST-AR and OST-AR technologies for industrial design applications have matured; however, one major drawback of the abovementioned approaches is that a display must be located between a physical surface to be augmented and the observer's eyes, which significantly degrades the reality and naturalness of the augmentations. For example, a captured real scene is not faithfully displayed in VST-AR due to the limited dynamic range and spatial resolution. In OST-AR, only a part of the physical surface can be augmented due to the limited field-of-view. On the other hand, projection mapping does not suffer these problems because it does not require a display between the observer's eyes and the physical surface. Researchers have developed projection mapping techniques to support product designs, such as cars [12] , home appliances [13] , and clothes [25] ; however, most of these techniques can only control the appearance (i.e., texture and color) of a mockup. One existing system supports 3D modeling using a stereoscopic projection mapping technique [15] ; however, it does not deform physical surfaces, i.e., it only displays a stereoscopic image whose shape differs from that of the surface. These previous studies also assumed that the surface is a uniformly matte material. In contrast, our purpose is to deform a physical surface whose reflectance property is more complex and spatially varying.
Recent studies have shown that tangential (i.e., 2D) deformation of a physical textured surface is possible via projection mapping [26] , [27] . These studies generated a target image sequence of deformation and superimposed motion information (the difference between the original and target images in grayscale) onto a physical surface. While the projected image and the surface texture are separated optically, human observers perceive the surface as deformed. Kawabe et al. [27] considered that this perception is caused by a ''motion capture'' illusion, which is generally described as follows. When random-dot patterns are moved near a color texture, the color texture will also appear to move in the same direction even though it is physically stationary [28] . In this paper, we focus on perceptually deforming a physical surface in 3D by leveraging the stereoscopic capture property of the human visual system [16] .
III. SHAPE DEFORMATION USING STEREOSCOPIC PROJECTION MAPPING
Here, we describe how the proposed method perceptually deforms a physical surface using projection mapping. We add three types of depth cues, i.e., binocular disparity, shade, and shadow, via stereoscopic projection mapping on a surface whose reflectance property can be varied spatially. The goal of the proposed method is to realize stereoscopic capture, by which the surface texture is perceptually deformed as if it is attached to the projected virtual surface. To provide correct depth cues, we developed a stereoscopic projection mapping technique that employs the two-pass rendering scheme [29] to generate projection images (Figure 2) .
First, we assume that the 3D shape of a projection surface and the six degrees-of-freedom (6DOF) pose of the projector relative to the surface are pre-measured. We also assume that the positions of the observer's eyes relative to the surface are tracked online. We use a 120-Hz projector to project disparity images for the left and right eyes of the observer wearing active shutter glasses. Second, we construct a virtual scene comprising of two virtual surfaces; one is identical to the physical projection surface (VS1), and the other exhibits a VOLUME 6, 2018 FIGURE 2. Two-pass rendering method (VS1: virtual surface that is identical to the physical projection surface, VS2: virtual surface that exhibits the target shape.
target deformation (VS2). We render VS2, whose material is set as uniformly white and diffuse, from the position of one of the observer's eyes in the virtual space, which is lit by a virtual directional light source (Figure 2(2) ). This is the first rendering pass. Third, we apply perspective projection mapping of the rendered image onto VS1 from the same eye position in the virtual space (Figure 2(3) ). This projected result is then captured by another virtual camera placed at the projector's position. This is the second rendering pass. Fourth, we project the captured image onto the real surface from the real projector ( Figure 2(4) ). As a result, the eye can observe the perspective-correct appearance of VS2 on the physical surface. We perform this process twice, i.e., once for each of the observer's eyes, for each frame to provide binocular stereopsis.
IV. INVESTIGATION OF STEREOSCOPIC CAPTURE
We conducted a psychophysical experiment to investigate whether stereoscopic capture occurs when the proposed method is applied under various conditions. Figure 3 shows an overview of the experimental setup. The system comprised a stereo projector (BenQ MS524, 800×600 pixels, 120 Hz) and a PC (CPU: Intel Core i7-5960X, RAM: 64 GB). We prepared nine surface materials as projection surfaces, i.e., a paper, plastic, leather, stone, wood, towel, metal, gauze, and carpet, such that they covered a wide range of material space. We attached a 100×100 mm square sample of each material to a wall for projection (Figure 4) . Participants wore active liquid crystal (LC) shutter glasses and fixed their heads either 0.5 m or 1.0 m from the surface such that the height of the eyes was the same as that of the center of the projection surface and the viewing direction was 30 degrees left of the normal of the center of the projection surface.
A. EXPERIMENTAL SETUP AND PROCEDURE
Using the stereoscopic projection method described in Section III, we displayed the virtual surface of either a cube or Gaussian, such that the projection surface was perceptually extruded according to the virtual surface when stereoscopic capture occurred properly. The width, height, and depth values of the virtual cube were all 40 mm ( Figure 5(a) ). The amplitude of the virtual Gaussian surface was also 40 mm ( Figure 5(b) ). Therefore, there were 36 experimental conditions in total (nine surface materials × two viewing distances × two virtual surfaces). In each trial, we asked the participant to report their perception relative to the following three options: (1) no stereoscopic perception (no stereo), (2) the projected virtual surface was three-dimensional while separated from the projection surface (separated), (3) the projection surface was deformed according to the projection mapping (captured). Thus, when stereoscopic capture occurred, the participants selected the third option.
B. RESULT
Ten participants (22 to 25 years; two females and eight males) were recruited from the local university. All participants were naïve to the purpose of the experiment and had normal or corrected to normal vision. Each participant performed one trial per experimental condition, and the order of the conditions was randomized among the participants. Figure 6 (a) shows the ratios of answers for each surface material condition. From these results, we confirm that stereoscopic capture occurred easily (≥ 80 %) when the surfaces were paper, plastic, leather, and gauze. On the other hand, in more than 20 % of the trials, the participants perceived virtual surfaces three-dimensionally but separated from the physical surfaces with the wood, towel, and carpet materials. Furthermore, in more than 60 % of the trials, the participants did not three-dimensionally perceive the virtual surface when the physical surfaces were stone and metal. We also show the ratios in the viewing distance conditions (Figure 6(b) ) and those in the virtual surface conditions (Figure 6(c) ). From these results, we confirm that stereoscopic capture was caused more often at a viewing distance of 1.0 m and the cube virtual surface than at 0.5 m and the Gaussian surface, respectively.
C. DISCUSSION
The experimental results demonstrate that the proposed stereoscopic projection mapping caused stereoscopic capture under most of the experimental conditions. We identified two main factors that made it difficult for the participants to perceive stereoscopic capture. The first factor is specular reflection. In the experiment, it was difficult to provide stereoscopic perception to the participants when the surface material had strong specular reflections, by which the contrast of the projected image was strongly degraded (see Figure 5(metal) ).
The second factor is the saliency of projection surfaces. When participant focus was drawn to the projection surfaces more than the virtual surfaces, stereoscopic capture rarely occurred. Such situations happened when the contrast of the surface textures was high (i.e., stone, wood, towel, and carpet), the viewing distance was close (i.e., 0.5 m), and the shape of virtual surface was Gaussian, which, in contrast to the cube, had no surface edges.
V. ADDING SALIENT FEATURE TO INDUCE STEREOSCOPIC CAPTURE
As discussed in Section IV, when an observer's focus was directed to the physical surface rather than the projected virtual surface, stereoscopic capture occurred less frequently even if the observer perceived the virtual surface stereo- VOLUME 6, 2018 scopically. To induce stereoscopic capture in such a case, we propose to add salient features to a projection image to draw the observer's focus. We conducted a psychophysical experiment to verify this technique.
A. EXPERIMENTAL SETUP AND PROCEDURE
The same equipment described in Section IV was employed in this experiment. Here, we selected the 100×100 mm towel surface as the projection surface because, in the previous experiment, some participants reported that the towel surface and projected virtual surfaces were perceptually separated. Therefore, in this experiment, we investigated whether the proposed method induced stereoscopic capture more frequently for the towel surface. The participants wore active shutter glasses and fixed their heads 0.5 m from the towel surface. We prepared two appearance conditions, i.e, normal and salient, for the projected virtual surfaces. Under the normal condition, the virtual surface was rendered using our stereoscopic projection mapping technique (Section III). Under the salient condition, black square dots aligned to grid points were attached to the virtual surface (Figure 7 ). In the previous experiment, it was difficult to induce stereoscopic capture with the Gaussian shape; thus, we applied the Gaussian shape as the virtual surface in this experiment. Note that the amplitude of the Gaussian was not fixed, i.e., it increased by 5 mm from 0 mm. At each amplitude, the participant reported if stereoscopic capture occurred. Generally, a projected virtual surface contains fewer salient features when the amplitude is smaller. Therefore, we evaluated if the proposed technique caused stereoscopic capture more easily than normal stereoscopic projection mapping by comparing the minimum amplitude at which stereoscopic capture occurred for each condition.
B. RESULTS
Seventeen participants (22 to 25 years; three females and 14 males) were recruited from the local university. Seven participants participated in the previous experiment, too.
All participants were naïve to the purpose of the experiment and had normal or corrected to normal vision. Each participant performed one trial per experimental condition, and the order of the conditions was randomized among participants.
The averages and standard errors of the minimum amplitudes are shown in Figure 7 . The difference of the average minimum amplitude between conditions was 40.0 mm. A paired t-test showed a significant difference between the normal and salient conditions (t 30 = 2.90, p < 0.01). From these results, we confirm that adding salient features to a projected virtual surface is effective relative to inducing stereoscopic capture.
VI. DISCUSSION
In the first experiment (Section IV), we confirmed that the proposed stereoscopic projection mapping technique caused stereoscopic capture under most experimental conditions. In addition, we found two primary factors preventing stereoscopic capture, i.e., specular reflections and the lack of salient features on physical surfaces. Considering the second factor, we proposed to induce stereoscopic capture more often by adding salient features to virtual surfaces. We evaluated this technique in a second experiment (Section V), and the result indicates that the proposed technique is effective.
Therefore, the guidelines relative to stereoscopic projection mapping for perceptually deforming a physical surface can be summarized as follows. First, for most surface materials, we can cause stereoscopic capture by providing three types of depth cues of deformation, i.e., binocular disparity, shade, and shadow. Second, materials with strong specular reflections should not be used as projection surfaces. Third, for materials with high contrast in their textures, attaching salient features such as a dot pattern to a projected virtual surface is recommended.
On the other hand, we noticed two main limitations of the stereoscopic projection mapping technique relative to causing stereoscopic capture. First, specular reflections on physical surfaces significantly distort the projected images; thus, the virtual surfaces are not perceived stereoscopically. Consequently, there is little chance to cause stereoscopic capture. Therefore, surfaces with high specular reflectance, e.g., a metal, are not suitable for our purpose. In fact, such surfaces are also unsuitable for any projection mapping application. Specular reflections can be reduced by applying multiple projectors [30] ; however, this increases the complexity of the overall system and cannot completely diminish specular reflections.
Second, while the proposed dot pattern projection technique is effective relative to inducing stereoscopic capture, it also significantly disturbs the projected result. We consider two solutions to reduce the disturbance. The first solution is to make the dot pattern gradually transparent after the virtual surface with the dots is displayed. The second solution is to remove the dot pattern in regions where the saliency of the virtual surface is already high. It would be interesting future work to investigate a method to determine dot density according to stereoscopic image saliency [30] , such that stereoscopic capture would occur over the entire virtual surface while minimizing the number of dots.
VII. CONCLUSION
This paper has described an investigation into whether projection mapping occurs stereoscopic capture, where human observers perceive a physical surface as deformed according to a projected virtual surface. We developed a stereoscopic projection mapping method to overlay a 3D virtual surface onto a physical surface. In a psychophysical experiment, we found that stereoscopic projection mapping caused stereoscopic capture in many of the experimental surface materials. To make observers perceive stereoscopic capture on unsuitable surface materials, we propose the inclusion of salient features on projected images to draw focus to them rather than the physical textures. The results of another psychophysical experiment demonstrated that the proposed method works effectively.
Recall that our work assumes a product design process, in which the shape of a product is explored after its appearance or material is selected. In future, we plan to extend the proposed method such that a product designer can modify both the shape and material of a product via projection mapping. 
